Wireless recordings in macaque neocortex and hippocampus showed stronger theta oscillations during early-stage sleep than during alert volitional movement including walking. In contrast, hippocampal beta and gamma oscillations were prominent during walking and other active behaviors. These relations between hippocampal rhythms and behavioral states in the primate differ markedly from those observed in rodents. Primate neocortex showed similar changes in spectral content across behavioral state as the hippocampus.
. Rat hippocampal spectral tuning with behavioral state differs from the pattern observed in the neocortex, with the latter typically showing a prevalence of beta-and gamma-frequency activity during the greatest levels of vigilance and activity 3 -5 .
These spectral shifts with behavior, however, may not be conserved across species 3 , 6 -8
. In macaques and humans engaged in stationary tasks, hippocampal theta can surprisingly be weaker during the 'active' states, with beta-and gamma-band power more closely coupled to active performance, similar to neocortical tuning 9 -1 6
. Results from ambulating humans suggest this may have been due to stationarity , raising the issue of how hippocampal and neocortical oscillations change across sleep and waking vigilance states in freely-moving primates.
To address this, we recorded a total of 210 hours of behaviors (supplementary Table 1 ) from three macaques who had chronically-implanted intracortical multichannel electrode arrays in the hippocampus (n=3 animals, Fig 1a) , medial prefrontal and retrosplenial/posterior cingulate regions (n=2 animals). Behaviors were divided into 4 groups of increasing levels of activity Fig. 2a ,c). In contrast, long bouts of gamma (>30 Hz) were more common in hippocampus during active behavior compared with sleep (p<0.01, KS-test). Taken together, these results indicate the prevalence, magnitude, and duration of oscillations for a given set of behaviors, but not the inverse i.e. the likelihood of a behavioral state given the appearance of an oscillation.
Quantifying this inverse likelihood showed that no behavioral state is strongly or uniquely predicted by a given oscillatory band, however, oscillations at low frequencies best predict earlystage sleep, and oscillations at high frequencies best predict walking and other awake behaviors ( Fig. 2d ). This result is in striking contrast to findings in rodents, where theta oscillations are reliably observed in hippocampus during active behaviors such as walking rather than as an animal enters non-REM sleep there should be temporal overlap of oscillatory bouts across sites, expressed as rate of concurrence across sites for a given frequency of oscillation. We found only around 20-50% concurrence between hippocampal contacts and other recording sites ( Fig. 2c ). That is, ~30%
of the time hippocampal oscillations co-occurred with other recording sites. Moreover, hippocampal multiunit activity was partially phase-locked to the theta rhythm (5-10Hz) (p<0.001, Rayleigh test; Fig. 2e ) suggesting that the LFPs recorded by hippocampal electrodes were effective in modulating local populations. Also, neocortical oscillations were generally stronger than those in the hippocampus, and spectral peaks were generally similar but not identical. Together, these results suggest that hippocampal activity was not simply volume conducted from neocortex.
Overall, we found that neocortical and hippocampal activity shifts from low-frequency (theta) activity in early-stage non-REM sleep to high frequencies (beta and gamma) during increasingly active behaviors including walking. In stark contrast to rodent studies, hippocampal theta oscillations were uncommon during walking and other active behaviors of monkeys. Theta oscillations are thought to be important for active waking processes including the formation of episodic memory and navigation not only for rodents 1 9 -2 3 ; but also for humans 
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